carried out using DSC and XRD separately. Hence, the use of coupled-XRD DSC will enable researchers to simultaneously obtain detailed information on the polymorphic transition of these oils.
INTRODUCTION
Palm oil is a versatile vegetable oil and one of the most traded oil in the world oils and fats market. It is obtained from the mesocarp of the oil palm fruit, Elaeis guineesis. It is semi-solid at ambient temperature 25.0 0.1 owing to its chemical composition which consists of an even balance of unsaturation and saturation in the fatty acids present in the oil 1, 2 . Palm stearin is the solid fraction of palm oil after fractionation at a controlled temperature while palm kernel oil is obtained from the kernel of the palm oil fruit. To date, studies on the polymorphic transition of palm oil, palm stearin and palm kernel oil have been enced by the polymorphic form present 13, 32 36 . Previous studies 4 27 used an X-ray diffractometry technique to study the polymorphism and phase behaviour of palm oil and its fractions. Other studies also reported that palm oil could crystallize from the melt in the α polymorphic form 12 14, 27 .
Several researchers have studied the thermal properties and polymorphism of palm oil and other oils and fats 31 39 . Their findings were based on separate DSC and XRD analyses. Using these techniques, information about the dynamics of polymorphic transformations was rather limited and was not considered an essential aspect of fat fractionation. Typical fractionation procedures were therefore developed based on time and temperature only without taking into consideration the occurrence of polymorphic transformations. Under a controlled crystallization of the melt, the complexity of the palm oil triacylglycerols TAGs content can be tailored into liquid olein , palm mid-fraction PMF and hard fraction stearin . The temperature and polymorphic transitions are able to be determined simultaneously using the coupled DSC-XRD technique. Hence, this study was conducted to identify the simultaneous dynamic behaviour on both the polymorphic and thermal transitions of palm oil, palm stearin and palm kernel oil. Information from this study could help industry predict the fractionation profile of palm oil to obtain new fractions for specific niche market requirements.
MATERIALS AND METHODS

Materials
Refined bleached and deodorized palm oil RBDPO , refined bleached and deodorized palm stearin RBDPS and refined bleached and deodorized palm kernel oil RBDPKO were obtained from Jomalina Sdn. Bhd. Klang, Selangor, Malaysia. 10 1 for 16 hours. The tubes were subsequently attached with a rubber band to a thermometer and is immersed to a depth of 3 cm in a beaker containing boiled distilled water. The water bath was stirred and heated until the fat column rises in the tubes. The temperature at which each column rises is obtained and the average values were obtained from at least three readings for each sample.
Methods
Fatty Acid Composition FAC
The fatty acid composition of the oils were determined as methyl esters, which were prepared according to MPOB Test Method p3.4 28 . Fatty acid methyl esters FAME were prepared by dissolving 50 mg of fat blend in 950 μL hexane Merck, Darmstadt, Germany in a 2-ml screw-capped vial. Fifty microliter of 1 M sodium methoxide Merck, Darmstadt, Germany was added and the mixture was then mixed vigorously with a vortex mixer for 5 min. One milliliter of distilled water was added and the mixture was mixed thoroughly. The mixture was then allowed to settle and separate into two distinct layers. The clear supernatant layer of fatty acid methyl ester FAME was decanted and a small amount of anhydrous sodium sulfate Merck, Darmstadt, Germany was added to remove traces of moisture. FAC analysis was conducted according to MPOB Test Method p3.5 28 using a capillary column 60 m 0.25 mm i.d. with a split ratio of 1:100 and flow rate of 0.85 ml N 2 / min at an oven temperature of 230 . Analysis was performed under isothermal conditions on a Hewlett-Packard 5890 Gas Chromatograph Avondale, PA . The FAC analysis was carried in triplicate.
Triacylglycerol composition TAG
The TAG profiles of RBDPO, PBDPS and RBDPKO were analyzed according to AOCS method Ce 5c-93 29 using a reversed-phase high-performance liquid chromatography Gilson, Villiers-el-Bel, France . A Lichrosphere RP-18 column 250 mm 4 mm with 5 μm particle size Merck, Darmstadt, Germany was used with a mixture of acetone / acetonitrile 75:25 v/v as the eluent at a flow rate of 1.0 ml/min using a refractive index detector. Identification of TAG species was performed by comparing the retention times of the TAG of the analyzed oils with that of commercial TAG standards. The TAG analysis was carried in triplicate.
Solid fat content SFC
SFC of an oil is a measure in percentage of the amount of solid fat present in the oil at any temperature. SFC was measured by means of a pulsed Nuclear Magnetic Resonance Spectrometry Bruker minispec P20:20 Mhz, Karlsruhe, Germany . Calibration was performed using standards provided by Bruker. The SFC of the samples at various temperatures were determined according to MPOB Test Method p4.8 28 . The sample was melted at 70 , for 30 minutes to erase all crystal memory. Approximately 3.0 g of melted samples were pipetted into pNMR tubes of 10.0 mm diameter, 1.0 mm thickness and 180 mm height. The tubes were chilled at 0 for 90 minutes, and kept at the desired temperatures for 30 minutes prior to measurements. The measurements were carried out in triplicates.
Iodine Value IV
IV values of the samples were determined by the official AOCS Method Cd 1-25 30 . One gram of each sample was placed into a 500 ml flask and 15 ml of carbon tetrachloride was added to dissolve the fat. Then, 25 ml of Wijs solution was added and the flask was gently shaken. After keeping in the dark for 1 h, 20 ml of 10 potassium iodide solution and 150 ml distilled water was added. The solution was titrated with 0.1 N sodium thiosulphate until the yellow colour disappeared. One to two ml of starch indicator solution was added and the titration was completed when the blue colour disappeared after vigorous shaking. Blank and triplicate determinations were carried out under the same conditions.
Polymorphic forms
The polymorphic forms and thermal properties of the samples were simultaneously determined using a coupled X-ray-DSC Rigaku TTRAX III X-ray diffractometer Rigaku, Japan . The instrument was attached to a data processing unit and a scintillation detector for simultaneous diffraction as shown in Fig. 1 . The rotating anode voltage and current were respectively set as 50 kV and 300 mA. The DSC which also contains the sample holder for X-ray diffraction is attached at the centre of two moving arms supporting respectively the X-ray source and the scintillation photomultiplier detector. Cooling of the DSC was obtained by means of liquid nitrogen while electrical heating was used for temperature control. The XRD incident-beam 2Theta 2θ range was from 1 to 30 . The scan speed was 52 / 2θ / min., and scan range of 1-30 / 2θ. Samples were weighed into an aluminium sample pan and placed open in the sample stage of the DSC. An empty DSC sample pan was used as a reference. The sample was melted at 80 and held for 10 minutes to ensure that the fat was completely melted and all nuclei are erased. The samples were then cooled to 40 at a cooling rate of 5 . The sample was then held at 40 for 10 minutes before heating up to 80 at a heating rate of 5 /min. The DSC melting thermogram and XRD diffraction patterns were simultaneously recorded.
RESULTS AND DISCUSSION
FAC, SMP and IV determination
The RBDPS, RBDPO, and RBDPKO have SMP of 61.3, 32.6 and 29.5 , respectively. This is due to the high amount of C16:0 in RBDPS 84. 4 , RBDPO 41.5 and RBDPKO 8.2 . The result also indicated that RBDPS has the least amount of C18:1 8. 3 and an IV of 10.1 as compared to 15.29 of RBDPKO IV 16.92 and 42.9 of RBDPO IV 52.69 . Thus, the RBDPS is the most saturated and hard fraction of palm oil Fig. 2 . The results showed a clear relationship between FAC, SMP and IV as also published in previous studies 7, 8 .
SFC determination
The melting profile can also be evaluated by SFC determination at various temperatures. The SFC is also directly related to the FAC and TAG composition of the oils and fats 16, 24 . The SFC profiles as a function of temperatures for the RBDPO, RBDPS and RBDPKO are shown in Fig. 3 . RBDPS has the highest SFC and melted at higher temperatures compared to RBDPO and RBDPKO. This is due to the higher content of 84.34 palmitic acid C16:0 in RBDPS while RBDPO and RBDPKO contain 41.52 and 8.21 palmitic acid respectively 16, 38 . Figure 4 shows the TAG compositions of RBDPO, RBDPS and RBDPKO. The main TAGs in RBDPO were POP dipalmito-olein , POO 2, 3-dioleo-palmitin and PLP 1, 3 dipalmito-linolenin while the main TAGs in RBDPS were POP, PPP tripalmitin , and POO. These two oils also contained appreciable amounts of OLL 2,3-dilinoleo-olein , PLL 2,3-dioleopalmitin , MLP myro-linoleopalmitin , Fig. 1 Schematic diagram of the coupled XRD-DSC diffractometry system Source: Rigaku, Japan . 
Triacylglycerol composition TAG
Polymorphism
Polymorphism characteristics of oils and fats are depen-dent on their TAGs composition as well as cooling, heating and shear rates experienced during crystallization and melting. As reported by researchers 32 37 , TAGs first crystallize in α alpha polymorph followed by βʹ beta prime , and an most stable β beta polymorph. Figures 5, 6 and 7 show the XRD patterns and DSC transition peaks of RBDPO, RBDPS and RBDPKO during simultaneous dynamic crystallization from 80 to 40 . The typical XRD patterns of fats exhibit two groups of diffraction lines corresponding to long and short spacings. The long spacing is observed in the 2θ range of 1-15 , corresponding to the TAG chain length structure; while the short spacing is observed around 2θ region of 16-25 , corresponding to the subcell structure 34 37 . However, in this work, short spacings are used to characterise the various polymorphic forms within the 16-30 region of 2θ. Figure 5 shows the DSC curves and XRD patterns of RBDPO under dynamic crystallization and heating processes. In the cooling process from the melt 80 , the crystallization onset temperature of palm oil was 22.6 . A small exothermic DSC peak appeared in the temperature range 23.4 to 17.1 accompanied by the formation of a small XRD peak at a short spacing of 4.21 Å. The second exothermic DSC peak started to appear at about 3.1 together with the XRD peaks at two short spacings of 4.28 and 3.81 Å, indicating the formation of β polymorphic form 13, 14 .
Dynamic crystallization and melting process of RBD-PO
In the temperature range 2.5 to 8.3 , a third small exothermic with stronger XRD peaks of an exclusive β polymorphic peak form was detected and was slightly shifted to the higher 2θ.
During the heating process from 40 to 80 at a heating rate of 5 /min, the first small endothermic DSC peak appeared from 21 to 12. 5 , together with a slight change in the XRD peak of the β polymorph. The second sharp endothermic peak appeared from 5.0 to 14 together with the formation of a small β polymorphic form peak at a short spacing of 4.6 Å. This became a mixture of β β polymorph as indicated in Fig. 5 . Upon further heating, a third broader DSC endothermic peak appeared from 32.1 to 40.8 . A transformation from the β β polymorph was observed before the sample totally melted at 43.0 . Therefore, three 3 phase transitions β β β β of RBDPO had occurred during dynamic crystallization and melting at a rate of 5 /min between 40 to 80 . 3.4.2 Dynamic crystallization and melting process of RB-DPS During the crystallization process of RBDPS from 80.0 to 40 , the DSC onset crystallization temperature was at 44.1 and the first sharp DSC exothermic peak appeared at 39.5 together with the formation of XRD peak of the α polymorph short spacing of 4.1 Å 13, 14 as shown in Fig. 6 . The α polymorph then quickly transformed to a β polymorphic form short spacing of 4.2 and 3.81 Å 13, 14 from 32.3 to 26.2 . Upon further cooling to 19.8 , the XRD diffraction pattern showed the formation of a small peak of the β polymorphic form short spacing of 4.6 Å 13, 14 . Both β and β polymorphic forms of RBDPS became more prominent and were shifted to a higher 2θ.
After a holding time of 10 min at 40 , RBDPS was then heated to 80 at a heating rate of 5 /min. No changes in the XRD peaks of RBDPS were observed until the heating temperature reached 43.9 . Upon further heating, the β peak became sharper and was shifted to lower 2θ, and eventually stabilized showing a mixture of β β Fig. 6 . The β polymorphic form disappeared, leaving only the β form when approaching the melting temperature of 59.5 . Therefore, 4 phase transitions α β β β β took place during the dynamic crystallization and melting of RBDPS at 5 / min from 80 to 40 to 80 . This could be due to the high melting TAGs 67.7 PPP , high SFC melting profile, FAC content and low IV of the RBDPS. The high PPP content of RBDPS might be responsible for the RBDPS to crystallizing initially in an α crystal form which rearranged to both β and β crystal forms. These findings are in agreement with previously published findings 15, 17 . 3.4.3 Dynamic crystallization and melting process of RB-DPKO The onset temperature of RBDPKO was observed at 11.6 with the formation of a sharp exothermic peak at 6.5 . The XRD diffraction patterns indicated the β polymorphic form prevailed until the cooling temperature reached 40 . Hence, RBDPKO stabilised in α polymorphic form during the crystallization process. The XRD peak Coupled XRD-DSC Characterization of Palm Oil Polymorphic Transitions of this polymorph became smaller and disappeared before totally melting at 33.2 . No transformation of the polymorphic form was observed during the melting process of RBDPKO as indicated in Fig. 7 .
The polymorphic transitions of RBDPO and RBDPS are consistent with the findings of previous studies which indicated that palm oil when crystallized initially from the melt into an α form, followed by β and β forms 8, 12 14 . However, RBDPKO stabilised in α polymorphic form under dynamic crystallization and melting conditions. This could be due to the higher content of medium chain triacylglycerol MCT of RBDPKO. It also had a steep SFC melting profile from 10 to 25 and melted entirely at the lowest temperature of 28 as compared to RBPO 42 and RBDPS 63.5 .
CONCLUSION
The oils showed different polymorphic forms, melting and cooling profiles due to inherent factors such as TAG composition, FAC and other physical characteristics. In addition, the crystallization and melting temperatures influenced the thermal properties and the polymorphic forms present in the oils. The use of coupled XRD-DSC provides precise and detailed information on the polymorphic changes and thermal properties of oils unolen conditions which could not be achieved by traditional techniques using DSC and XRD separately. The findings from this study will help the palm oil industry to predict suitable temperature condition to obtain the targeted polymorph required in the end products. Hence, new palm-based niche fractions for innovative and value-added food and non-food products could be produced.
